Abstract. Cacodylic acid (hydroxydimethylarsine oxide) and MSMA (monosodium methanearsonate) gave slightly-visible
INTRODUCTION
The arsenical silvicides, cacodylic acid and MSMA, are effective tools for precommercial thinning of overstocked stands. There are thousands of hectares of forest land which need thinning now, and the magnitude of the problem will increase as forest regeneration techniques improve and the intensity of land management increases. Foresters are concerned, however, about the safety to forest workers and animals and possible impact on forest floor and soil microbes of thinning with the arsenicals (18). Usually, undiluted herbicide concentrate (50% or more acid equivalent) is injected into axe cuts around the stem of the selected tree, about 1 to 2 ml chemical/2.5 cm stem diameter are applied. When the tree dies and decays, chemical residues enter the forest floor and soil. Arsenic concentration in the forest floor and soil will depend upon the rate of decay. Arsenic (As) levels in forest floor and soil from this source are likely to be less than 10 mg As/kg, but accidental spillage may cause "hot spots" of more than 1,000 mg As/kg in small areas. Our concern is whether or not these levels of arsenic influence the microbiology of the forest floor and soil.
Arsenic occurs naturally in many soils. Greaves (10) found from 2 to 102 ppm of total As in 50 Utah soils. Jones and Hatch (13) reported 3 to 15 ppm "native" As in 10 Oregon soils, and soils from commercial orchards sprayed repeatedly with inorganic arsenicals contained 17 to 439 ppm As in the 0-to 20.3-cm zone.
The availability of As to plants and microbes is similar to that of phosphorus. The formation of insoluble calcium salts as soil pH increases reduces availability (12). Soils high in clay, iron, aluminum, or organic matter bind arsenates more extensively than light-textured soils (1) . Woolson, Axley, and Kearney (20) reviewed the toxicity of
As in soil to plants, but interactions with soil microbes have been less extensively investigated. Low concentrations of As stimulate growth of bacteria, molds, and algae (6). Greaves and Carter (11) found that 200 ppm As (sodium arsenite) in soil greatly increased the number of bacteria that developed on agar plates. Covey (8) reported 10 ppm As (sodium arsenate) reduced the growth of Phytophthora cactorum by 60% in potato dextrose broth cultures. Arsenic trioxide is more toxic than arsenic pentoxide to bacteria, but equal in effect on molds (20, 22) . Studies of the toxicity of organic pentavalent arsenic compounds to micro-organisms in forest floor and forest soil have not been previously reported. We have determined (a) the toxicity of cacodylic acid and MSMA to pure cultures of several common bacteria and molds found in agricultural and forest soils (5, 21) and (b) the effect of these silvicides on the decomposition of organic matter by the native microbial populations in forest floor material and underlying soil.
MATERIALS and METHODS
Pure culture studies. For study of herbicide toxicity to organisms in pure culture, four bacteria, two higher bacteria, and four molds were used:
Bacteria Molds: Penicillium4 claviforme Bainier, Penicillium restricturn Gilman and Abbott, Aspergillus nidulans (Eidam) Winter, Trichoderma viride Persoon ex Fries. The organisms were originally isolated from a variety of soils and identified and maintained in the culture collection of the senior author. All are common to the forest floor and soil environment.
Each bacterium was inoculated into triplicate sets of nutrient broth containing 10,000, 1,000, 100, 10, 1, and 0 ppmw As as cacodylic acid or MSMA in 18-mm x 150-mm tubes. All tubes were incubated at 28 C for 7 days and the relative growth of cultures estimated by visual comparison of turbidity among treatments. The Streptomyces and molds were not Aerobic actinomycetes, mold-like, but of bacterial dimensions. Dense, compact subsurface colonies, aerial conidia. Usually they comprise 30 to 60% of the soil bacterial flora. Streptomyces are particularly important because they attack residual organic matter and resistant materials and also contribute to humus formation and decomposition.
Penicillium species are frequently predominant in the mold population of soils and active in decomposing fresher organic materials.
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ORIGINAL DO NOT RE mOVE FROM FILE WEED SCIENCE tested in broth because their habit of growth produces a surface pellicle but no turbidity.
Additional tests with each organism were made using a paper disc assay method (16). Sterile Whatman No. 1 filter paper discs, 6-mm diameter, were saturated with different concentrations of cacodylic acid, MSMA, 1,000 ppmw HgC1 2 , and 1,000 ppmw crystal violet. Discs were placed on petriplates of nutrient agar seeded with the test organisms. Triplicate plates of each treatment were incubated at 28 C until growth developed, and widths of clear zones (zones where test organisms did not grow) around each disc were measured to determine toxicity.
Forest floor and soil studies. Soil (0-to 15.2-cm depth) and overlying forest floor material (L, F, and H horizons combined) were used to determine the impact of cacodylic acid and MSMA on carbon metabolism by native soil microflora.
Bulk samples of the following materials were collected: Astoria silty clay loam soil and forest floor material from the western hemlock [Tsuga heterophylla (Raf.) Sarg.] Zone of northwest Oregon (9). Edds loam soil and forest floor material from the Doug-
northeast Washington (9). 3. Klicker soil and forest floor material from the ponderosa pine (Pinus ponderosa Laws) Zone in northeast Oregon (9). Test materials were passed through a Tyler 10-mesh (2.362 mm) screen, placed in polyethylene bags, and stored at 2 C for use as required. Subsamples of the materials as received were analyzed for moisture, water-holding capacity, pH, Kjeldalil nitrogen, total carbon, bacteria, Streptomyces, and molds (3) ( Table 1) .
Triplicate samples of the soils or forest floor materials.were treated with MSMA or cacodylic acid to achieve concentrations of 0, 10, 100, or 1,000 ppm by weight As (dry weight). For each treatment, 25 g of forest floor or 100 g of soil were placed in a 453-ml glass bottle. The test material was added in four equal portions with sufficient distilled water, containing the required amount of cacodylic acid or MSMA, to bring moisture to 50% of water-holding capacity; this amount of water generally being optimum for microbial activity and roughly equivalent to field capacity. Bottles were connected to a CO2 -free air manifold and each outlet air tube immersed in 11'1 NaOH (4). Carbon evolved as CO 2 was absorbed in NaOH and was measured by differential titration with H2 SO4 using a Beckman automatic titrator and Cooper's (7) end points. Bottles were incubated at 28 C and CO2 evolution determined 7, 14, 21, and 28 days after addition of treatments.
RESULTS
All the bacteria grew in liquid cultures with cacodylic acid and MSMA although there appeared to be a slight reduction in growth of Bacillus subtilis and Micrococcus caseolyticus at 1,000 mg/L As based on visual comparison of turbidity of cultures among treatments. The turibidity of bacteria cultures containing 10,000 mg/L As was less that turbidity of cultures containing less arsenic, but some bacterial growth did occur. In the paper-disc assay on solid media, all test organisms grew to the edge of the discs saturated with either cacodylic acid or MSMA at concentrations of up to and including 10,000 mg/L As. Clear zones 2 to 11 mm in width were observed around all discs saturated with either 1,000 mg/L HgC1 2 or crystal violet, indicating the potential of the paper-disc assay for detecting inhibition of microbial growth.
The rate of CO2 evolution was much greater from forest floor than from soil (Tables 2 and 3 ). This undoubtedly reflects the generally high carbon and microbial content of the forest floor (Table 1) . The microbial counts, especially for bacteria, reflect conditions when the samples were collected. Upon incubation numbers increased, as reflected by CO 2 production. Thus, the ponderosa pine forest floor, initially lowest in microbial counts but highest in carbon, produced the most CO2.
For statistical purposes, data for soils were analyzed separately from data for forest floor material because of this marked difference in their rates of CO2 evolution. The experiments with cacodylic acid and MSMA were not run at the same time and, therefore, these data were not combined for (Tables 2 and 3 ). This undoubtedly reflects the differences in the native complements of organisms rather than a chemical-test material interaction since similar effects are noted in controls.
The rate of CO2 evolution declined markedly with time during the incubation period. When data were combined, the rates of CO2 evolution were significantly different (P < 0.01) among weeks of incubation for all test material and chemical treatments (Tables 2 and 3) . Data for forest floor material from each of the different vegetation types (9), and for the different soils when combined showed that the rate of CO2 evolution was significantly different (P < 0.05) among concentrations of As for forest floor material treated with either herbicide and for soil treated with MSMA. Cacodylic acid had no effect (P > 0.05) on the rate of CO2 evolution from soil.
A more detailed analysis of these results revealed the following relationships:
1. The rate of CO2 evolution declined with time in all treatments. The decline is statistically significant (P < 4  15  4  2  2  2  10  3  13  3  3  2  2  10  2  9  5  2  2  2  11  2  10  5  4  2  3  14   4  19  8  3  2  3  16  3  18  9  4  3  3  19  3  18  8  6  3  3  20  3  15  10  5 Effect of time on evolution of carbon (mg/week) as CO 2 from MSMA and cacodylic acid treated forest floor material and soil. Combined data for forest floor material and soil treated with 10, 100, and 1,000 ppms As as cacodylic acid and MSMA (three replications). The rate of CO2 evolution was significantly affected by time (P < 0.01) and is best described by a cubic equation in each case.
The rate of CO2 evolution declined with increasing log concentration of As in MSMA and cacodylic acid treated forest floor material. The decline is linear with log concentration for MSMA and quadratic for cacodylic acid. MSMA in soil resulted in an increase in the rate of CO2 evolution which was linear with log concentration (Figure 2) . The rates of carbon evolution were significantly different (P <0.01) between any two soils and any two forest floor materials treated with a given herbicide. Decomposition of organic matter and the release of nutrients is a particularly important function of microbes in the forest floor and soil. We used the total carbon evolved during the 28-day test period (Tables 2 and 3 ) and the beginning carbon content of the test materials (Table 1) as a basis for calculating the percent decomposition of organic matter for each treatment (Figures 3 and 4) .
Analysis of variance of single degrees of freedom were used to test for differences in organic matter decomposition among arsenic concentrations in a particular forest floor or soil treated with MSMA or cacodylic acid. Increasing concentrations of both cacodylic acid and MSMA depressed organic mat- 
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0.01) and best described by a cubic equation in each case (Figure 1 ). The time of incubation -concentration of arsenic interaction was not significant (P > 0.05) which means the decline in CO 2 evolution which occurred with time of incubation was not a function of the 12 presence or absence of arsenic. Figure 2 . Effect of arsenic on mean evolution of carbon (mg/week) as CO 2 from MSMA and cacodylic acid treated forest floor material and soil. Combined data for forest floor material and soil 1, 2, 3, and 4 weeks after treatment with MSMA and cacodylic acid (three relications). The rate of CO, evolution was significantly affected by concentration of arsenic (P < 0.05) in all cases except cacodylic acid treated soil. ter decomposition in forest floor when arsenic reached 100 ppm, except in ponderosa pine forest floor treated with MSMA. In no case did 10 ppm As significantly affect organic matter decomposition in forest floor. There was no effect of cacodylic acid on organic matter decomposition in Astoria or Klicker soils, but there was a decline in the Edds soil when As reached 100 ppm. MSMA had no regular effect on Astoria or Klicker soils, but 1000 ppm As did significantly increase organic matter decomposition in Edds soil.
DISCUSSION
The small reduction in growth of bacteria in liquid culture at 1,000 mg/L As indicates MSMA and cacodylic acid can influence soil microbial activity. The paper-disc assay with molds and bacteria, however, showed no effect even at concentrations of 10,000 mg/L As. This is attributed to the greater mobility of and opportunity for interaction between chemical and organism in the liquid. The pure culture assays, in general, show MSMA and cacodylic acid are not particularly toxic to common soil bacteria and molds of which our test organisms are representative. Malone (17) showed sodium cacodylate temporarily increased numbers of soil bacteria and decreased numbers of molds after a nonselective control of meadow vegetation. There were, however, no long-term effects on either microbial numbers or decomposition processes.
All microbes produce CO2 as they decompose organic compounds. Changes in the rate of CO 2 production reflect changes in the general activity of microbial populations, particularly their role in organic matter decomposition and nutrient recycling. Our study showed the rate of carbon (as CO 2 ) evolution declined rapidly with time in all treatments (including the controls). This is usual in all organic matter decomposition studies. The more soluble organic components are rapidly attacked, leaving the more resistant materials which undergo slower and slower oxidation. Humus becomes the final residue and is most slowly decomposed. Differences in organic matter content and extent of decomposition account for differences in CO2 evolution from different forest floors and soils. The concentration of As had a small but statistically-significant effect on the rate of carbon dioxide evolution from MSMA and cacodylic acid treated forest floor material and MSMA treated soil. The effect of arsenic concentration was less marked than the effect of time.
Organic matter decomposition in the F layer of the forest floor is a major importance in mineral nutrient release and recycling. Organic content of the underlying mineral soil is much less and has already been extensively decomposed to humus. This is attacked only slowly by specific kinds of microbes, liberating nutrients continuously but in lesser amounts than the large numbers of organisms in the forest floor. In our study there appears to be little difference between the effects of MSMA and cacodylic acid on CO 2 evolution from forest floor. The differences in response between chemicals in soil will be largely masked by the predominant influence of forest floor. We feel, therefore, that the combined rates of organic matter decomposition in forest floor and soil in the field will be influenced to approximately the same degree by either chemical.
When organic matter is attacked by soil microbes, CO 2 and intermediate carbon compounds (organic acids, alcohols, etc.) are produced. Oxidation of a substrate by a given organism is rarely complete. Even under fully-aerobic conditions only 60% to 80% of the carbon is converted to CO2 . Our tests did not determine if cacodylic acid or MSMA influences the pathway of carbon metabolism. Based on CO2 evolution, both cacodylic acid and MSMA altered the rate of organic matter decomposition in forest floor. The greatest effects were at the highest concentrations of As tested. Neither chemical had a consistent effect on organic matter decomposition except in Edds soil where MSMA was stimulatory and cacodylic acid was inhibitory when As levels were greater than 100 ppm. The magnitude of the effects of MSMA and cacodylic• acid on organic matter decomposition in either forest floor or soil is small when As levels are less than 100 ppm. Some impact may occur if arsenic levels exceed 1000 ppm in very small areas where chemical is spilled or water for washing hands and equipment is poured.
In use of these herbicides for precommercial thinning purposes, concentrations of arsenic greater than 10 ppm in forest floor and soil will occur infrequently and will be restricted to less than a square meter if careful handling and application techniques are used (18). The impact of MSMA and cacodylic acid on the rate of organic matter decomposition will decrease with time as these compounds are metabolized to various gaseous arsine derivatives or are complexed with iron, aluminum, calcium, or other materials which reduce the phytotoxicity of organic and inorganic arsenic compounds (2, 14, 15, 19, 20) .
We conclude that cacodylic acid and MSMA do not seriously affect forest soil microbial populations or their decomposition of organic matter. Tests now in progress will determine the effects of these herbicides on microbial nitrogen metabolism in the forest floor and soil environment. We feel that our tests will provide an adequate base for assessing the impact on microbial populations and soil fertility of arsenical silvicides used in precommercial thinning.
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